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1.  INTRO DOCTIOH 

This  report  presents  the  results  of  47  self-boring  pressure- 
meter  tests  (SBPT's)  performed  in  the  ENEL-CRI^f*^5  calibration 
chamber  (CC) .  The  tests  were  performed  in  dry  and  saturated 
Ticino  and  Hokksund  sand.  Pressuremeter  tests  were  performed 
with  the  probe  in-place  during  sample  preparation  ("ideal  in¬ 
stallation'^' and  with  the  probe  selfybored  into  the  saturated 
sand. 

The  purpose  of  the  testing  was  to  evaluate  the  performance  of 
the  self*boring  pressuremeter  (SBP)  probe  under  strictly 
controlled  laboratory  conditions  and  to  critically  review 
existing  interpretation  methods  of  the  SBPT  in  sands.  The  SBP 
probe  used  in  the  study  was  the  Camkometer  Mark  VIII 
manufactured  by  Cambridge  In-situ  Ltd.,  England. 


2.  TEST  EQOIPKEHT 


2.1.  Calibration  Chamber  (CC) 

The  ENEL-CRIS  calibration  chamber  was  designed  to  calibrate  and 
evaluate  different  in-situ  testing  devices  in  sands  under 
strictly  controlled  boundary  conditions. 

A  complete  description  of  the  chamber  is  given  by  Bellotti  et 
al.  (1982).  The  equipment  consists  of  a  double  wall  chamber,  a 
loading  frame,  a  mass  sand  spreader  for  sand  deposition  and  a 
saturation  system.  The  chamber  can  test  a  cylindrical  sample  of 
sand  1.2  m  (3.9  feet)  in  diameter  and  1.5  m  (4.9  feet)  in 
height. 

A  schematic  cross-section  of  the  ENEL-CRIS  calibration  chamber 
is  shown  in  Figure  1. 

The  sample  is  confined  laterally  with  a  flexible  rubber 
membrane  surrounded  by  water  through  which  the  horizontal 
stresses  are  applied.  The  bottom  of  the  sample  is  supported  on 
a  water  filled  cushion  resting  on  a  rigid  steel  piston. 

The  vertical  confining  stress  is  applied  through  the  water 
filled  base  cushion  and  vertical  deflection  of  the  sample  is 
controlled  by  the  movement  of  the  base  steel  piston.  The  top  of 
the  sample  is  confined  by  a  rigid  top  plate  and  fixed  beam. 

The  double-walled  chamber  allows  the  application  of  a  zero 
average  lateral  strain  boundary  condition  to  the  test  sample  by 
maintaining  the  pressure  in  the  double-wall  cavity  equal  to  the 
lateral  pressure  acting  on  the  sample  membrane. 


(*)  ENEL  -  CRIS:  Italian  National  Electricity  Board  -  Hydraulic 
and  Structural  Research  Canter. 
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The  axial  and  lateral  confining  pressures  can  be  varied 
independently  so  that  the  ratio  of  the  applied  horizontal 
stress  (0^)  to  the  vertical  stress  (<rv)  can  be  maintained  at 
any  desired  value. 

A  schematic  cross-section  of  the  CC  loading  system  is  shown  in 
Figure  2. 


2.2.  Self -boring  Pressuremeter 

The  SBP  probe  used  in  the  study  was  the  Camkometer  Hark  VIII 
manufactured  by  Cambridge  In-Situ  Ltd.,  England.  A  schematic 
outline  of  the  SBP  probe  is  given  in  Figure  3. 

The  SBP  probe  is  essentially  a  thick  walled  steel  cylinder  with 
a  flexible  membrane  attached  to  the  outside.  The  instrument  is 
advanced  into  the  ground  as  the  soil  displaced  by  a  sharp 
cutting  shoe  is  removed  up  the  center  of  the  probe  by  the 
action  of  a  rotating  cutter  inside  the  shoe.  The  cuttings  are 
flushed  to  the  surface  by  water  or  drilling  mud  which  is  pumped 
down  to  the  cutting  head. 

The  cylindrical  adiprene  membrane  used  in  this  study  was  82  mm 
in  diameter  and  490  mm  in  length,  corresponding  to  a  length  to 
diameter  ratio  (L/D)  of  approximately  6.  The  adiprene  membrane 
was  designed  to  be  flush  with  the  body  of  the  probe.  An  outer 
flexible  protective  membrane  with  stainless  steel  strips 
("Chinese  lantern")  can  be  placed  over  the  adiprene  membrane 
during  penetration  and  testing  in  dense  or  abrasive  soils. 

Once  the  instrument  is  at  the  desired  test  depth,  the  membrane 
is  expanded  against  the  soil  using  pressurized  N2  gas.  The 
radial  expansion  of  the  membrane  is  measured  at  the  mid-height 
of  the  membrane  by  three  pivoted  levers,  called  strain  arms. 
The  strain  arms  are  located  at  120  degrees  around  the 
circumference.  The  strain  arms  are  kept  in  light  contact  with 
the  inside  of  the  membrane  by  strain  gauged  cantilever  springs 
(Figure  3) .  Individual  and  average  readings  were  taken  of  the 
three  strain  arms.  The  sensitivity  of  the  strain  arms  was 
approximately  0.02  mm/mV. 

A  strain  gauged  total  pressure  cell  (TPC)  is  located  inside  the 
probe  to  measure  the  inflation  gas  pressure.  Two  strain  gauged 
pore  pressure  cells  (PPC)  are  also  incorporated  into  the 
membrane.  The  sensitivity  of  the  PPC  and  TPC  was  approximately 
8  kPa/mV. 

The  data  from  all  six  transducers  (3  strain,  1  total  pressure, 
2  pore  pressure)  was  collected  by  the  original  data  acquisition 
system  consisting  of  a  data  capture  unit,  and  a  thermal  paper 
printer  with  the  addition  of  a  cartridge  equipped  HP  9825 
computer  and  a  wider  paper  tape  printer.  The  output  was  also 
recorded  on  a  four  channel  Y-T  chart  recorder  and  an  X-Y 
plotter  for  simultaneous  plotting  of  raw  data  (Fig. 2). 
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3.  TEST  SAND 

Two  natural  sands  have  been  tested;  Ticino  sand  from  Italy  and 
Hokksund  sand  fro*  Norway.  Both  sands  have  a  uniform  gradation 
and  are  medium  to  coarse  grained  with  a  mean  grain  size, 
D50=0.53  mm,  and  0.39  mm  for  Ticino  and  Hokksund  sand,  re¬ 
spectively. 

General  characteristics  of  the  sands  and  grain  size 
distributions  are  given  in  Fig. 4. 

A  detailed  description  of  the  physical  properties  of  the  two 
sands  is  given  by  Baldi  et  al.  (1985). 

During  the  course  of  the  testing  different  batches  of  Ticino 
sand  were  used.  However,  each  batch  was  tested  to  ensure 
consistent  grain  size  characteristics. 


4.  TEST  FROCKDORKS 


4.1.  Sample  Formation 

All  test  samples  were  prepared  by  pluvial  deposition  of  dry 
sand  in  air  using  a  gravity  mass  sand  spreader  (Jacobsen, 
1976) .  A  schematic  representation  of  the  mass  sand  spreader  is 
shown  in  Figure  5. 

The  pluvial  deposition  method  has  the  following  advantages; 

•  good  repeatibility 

.  wide  range  of  obtainable  relative  densities 
(20%  S  Dp  S  98%) 

•  good  homogeneity  of  sample 

•  cost  effectiveness. 

The  homogeneity  of  the  samples  is  generally  good  although 
somewhat  erratic  for  medium  dense  specimens  (40%  s  Dp  s  60%). 
Full  details  concerning  sample  homogeneity  is  given  by  Baldi  et 
al.  (1985). 

Sample  formation  is  performed  in  one  operation  and  the  sand 
container  holds  enough  sand  necessary  for  specimen  preparation. 


4.2.  Probe  Installation 
4.2.1.  Ideal 

To  evaluate  and  avoid  the  influence  of  the  self-boring 
installation  on  the  pressuremeter  results  a  series  of  tests 
were  performed  with  "ideal  installation". 

For  ideal  installation  the  probe  was  placed  in  the  CC  before 
sample  formation.  A  schematic  outline  of  the  ideal  installation 
procedure  is  shown  in  Figure  6. 
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The  SBP  probe  was  placed  in  the  center  of  the  CC  with  the  mid- 
height  of  the  membrane  approximately  65  cm  (25  inches)  from  the 
sample  base.  A  protective  cylinder  was  placed  above  the  probe 
and  extended  up  to  the  base  of  the  sand  container  (see  Fig. 6). 
This  was  done  to  avoid  sand  falling  onto  the  top  of  the  probe 
during  sample  formation. 

4.2.2.  Self-bored 

To  simulate  field  self-boring  conditions  a  series  of  tests  were 
performed  with  the  probe  self-bored  into  the  CC.  A  schematic 
outline  of  the  self-bored  installation  procedure  is  given  in 
Figure  7. 

The  sand  samples  were  first  formed  using  pluvial  deposition  and 
then  saturated  with  de-aired  water.  Full  details  of  the 
saturation  procedures  are  given  by  Bellotti  et  al.  (1982).  The 
probe  was  self-bored  into  the  CC  using  water  as  the  flushing 
fluid.  Drainage  was  generally  allowed  at  the  base  of  the 
sample.  A  summary  of  the  installation  conditions  during  self¬ 
boring  is  given  in  Table  1. 

Installation  was  performed  with  various  boundary  conditions  in 
order  to  evaluate  their  influence  on  the  test  results  (see 
Table  1). 

A  small  vacuum  (5  t/m2)  was  applied  to  the  inside  of  the  SBP 
probe  to  maintain  the  adiprene  membrane  in  close  contact  with 
the  body  of  the  probe. 

The  cutter  speed  was  generally  maintained  at  a  rate  of  about  60 
revolutions  per  minute.  The  distance  of  the  cutter  from  the 
leading  edge  of  the  cutting  shoe  was  varied  from  about  1.9  cm 
(0.75  inch)  to  5.4  cm  (2.13  inches).  For  the  tests  in  dense 
sand  the  adiprene  membrane  was  generally  protected  by  using  the 
Chinese  lantern.  The  size  of  the  cutting  shoe  was  adjusted  to 
be  the  same  diameter  as  the  membranes. 

The  probe  was  advanced  into  the  CC  at  a  rate  of  about  3  cm/min. 
(1.18  inches/min) . 

A  flowmeter  was  used  to  monitor  the  flow  rate  of  the  flushing 
water  sent  to  the  cutter.  The  flow  rate  was  generally  about  9 
to  12  lt/min.  The  flow  rates  from  the  probe  and  calibration 
drainage  lines  were  also  monitored.  During  the  installation, 
the  CC  pore  pressures  and  boundary  stresses  and  strains  were 
monitored.  All  the  sand  flushed  out  from  the  CC  during 
installation  was  carefully  collected  and  weighted  (oven-dry) . 


4.3.  Sample  Stresses 

Following  sample  formation  and  probe  installation,  the  sample 
was  subjected  to  one-dimensional  consolidation  under  conditions 
of  no  averags  lateral  strain  (i.e.  &«h  -  0).  Normally 
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consolidated  (NC)  and  mechanically  overconsolidated  (OC) 
specimens  were  reproduced. 

During  the  loading  and  unloading  consolidation  phases,  changes 
in  vertical  effective  stress  (o£)  and  the  corresponding 
vertical  strain  (<v)  were  recorded..  This  allowed  the 
calculation  of  the  constrained  modulus  (M0)  and  the  coefficient 
of  earth  pressure  at  rest  (KQ) . 

A  summary  of  the  general  CC  conditions  at  the  end  of 
consolidation  is  given  in  Table  2. 

An  example  of  data  collected  during  a  typical  sample  stressing 
is  given  in  Figure  8. 

During  the  SBPT  the  sample  boundary  conditions  could  be 
controlled. 

A  summary  of  the  possible  boundary  conditions  is  given  in 
Figure  9. 

The  boundary  conditions  applied  during  each  pressuremeter  test 
are  given  in  Table  2. 

The  most  common  boundary  condition  applied  was  constant 
vertical  (ov  =  constant)  and  horizontal  (o^  =  constant) 
stresses  (BC1) . 


4.4.  Pressuremeter  Expansion 

After  sample  stressing  and  the  self-boring  insertion  when 
appropriate,  the  pressuremeter  test  was  performed  by  expanding 
the  membrane  to  a  maximum  cavity  strain  (<0)  of  about  10%. 
Cavity  strain  is  defined  in  terms  of  circumferential  strain; 


where : 

RQ  =*  initial  cavity  radius 

AR  “  increment  of  cavity  radius. 

Generally,  before  the  beginning  of  the  expansion  phase,  a 
relaxation  time  ranging  between: 

•  30'  to  60'  in  tests  with  ideal  installation 

•  60'  to  180'  in  tests  with  self-boring  installation 
was  allowed. 

Only  strain  controlled  tests  were  performed  using  an  electronic 
Strain  Control  Unit  (SCU)  supplied  by  Cambridge  In-Situ  Ltd. 

The  SCU  automatically  adjusts  the  expansion  pressure  as  a 
function  of  the  output  from  the  strain  arms. 

Constant  strain  rates  of  0.1%/hour  up  to  2%  per  minute  can  be 
achieved.  Generally,  tests  were  performed  at  a  strain  rata  of 
about  1%/minute. 

Generally,  during  each  expansion  phase,  two  or  three  unloading¬ 
reloading  (UR)  loops  and,  during  the  contraction  phase,  one  or 
two  reloading-unloading  (RU)  loops  were  performed.  Hie  strain 
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amplitude  for  each  UR  or  RU  loop  was  maintained  constant  and  in 
the  order  of  0.1  to  0.2%. 

An  example  of  a  typical  pressuremeter  test  result  is  shown  in 
Figure  10. 

Typical  pressuremeter  tests  show  the  average  strain  for  the 
three  strain  arms.  The  average  strain  is  calculated  at  any 
instant  in  time  as  the  numerical  average  of  each  strain  ana 
measurement . 

A  summary  of  the  probe  and  chamber  conditions  for  the  tests 
using  self-bored  installation  is  given  in  Table  1. 

Data  from  all  transducers  in  the  SBP  probe  were  stored  on 
computer  cassettes  and  printed  in  digital  form  on  a  paper  tape 
printer.  After  each  test  the  basic  data  was  processed  and 
corrected  for  membrane  stiffness.  Examples  of  the  computer 
generated  plots  are  given  in  Appendix  I. 


5.  TEST  RESULTS 

A  complete  listing  of  all  the  test  results  is  given  in  Appendix 
II. 


5.1.  Initial  Horizontal  Stream 


It  is  generally  postulated  that,  if  the  SBP  probe  is  inserted 
into  the  ground  with  minimum  disturbance  to  the  surrounding 
soil,  the  total  horizontal  stress  (»ho)  existing  in  the  soil 
prior  to  insertion  can  b«  measured.  The  oho  is  measured  by 
recording  the  corrected  SBP  cavity  pressure  (pQ)  causing  "lift¬ 
off”  of  the  pressuremeter  membrane.  This  postulation  should  be 
especially  valid  in  the  case  of  the  "ideal-installation"  used 
in  the  CC  for  test  No. 201  to  236,  inclusive  and  No. 262  and  263. 
Table  4  presents  a  summary  of  lift-off  stresses  for  each  strain 
arm.  The  lift-off  stress  was  determined  from  a  visual  inspec¬ 
tion  of  the  early  part  of  the  expansion  curve. 

5.1.1.  Initial  Horizontal  Stress:  Ideal  Installation 

Examination  of  the  results  in  Table  4,  for  ideal  Installation, 
shows  that  the  measured  average  lift-off  stress  (pQ)  is  often 
significantly  different  than  the  applied  boundary  stress  (<*ho) . 
Figure  11(a)  presents  a  comparison  of  the  measured  average 
lift-off  stress  and  the  applied  boundary  stress  for  the  tests 
with  ideal-installation. 

The  average  lift-off  stress  is  defined  as  the  observed  "lift¬ 
off"  from  the  cavity  expansion  versus  average  strain  plot,  as 
shown  in  Pig. 10.  This  lift-off  is  generally  very  close  to  the 
first  lift-off  of  one  of  the  arms. 
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The  rt«*on*  (or  the  ill  t  ferencea  ira  not  .'Uar  but  a<ty  b«  lused 
by  jim  or  sore  of  ths  following; 

a.  at  rasa  concantrat l on  around  tha  rigid  SUP  prcbe  luring 
one -d i sens  1  one  1  stresaing, 

b.  sschanical  coapl unca  of  tha  strain  ir»s, 

c.  arching  af facta  cauaad  by  tha  praianca  >1  >n  innuius  of 
looser  sand  around  tha  iBP  probe. 

In  tha  field,  tha  possible  amtanca  of  anisotropic  stress 
fialda  (Dalton  and  Mawkina  (19I j/l  should  also  ba  considered, 
but  this  possibility  loas  not  am  at  in  tha  trmul  'C  fasts 

4.1.2.  Ivaluatioa  of  Itrsss  Cosoastratiae 

Tha  possibility  of  strass  concent  rat ;  or.s  tr  uni  'ha  pr  be  .  n 
tha  CC  during  tha  consol  idat  ion  stage  was  investigated  using  > 
rigid  self-boring  It  -call  manufactured  by  tabridqe  In-Situ 
Ltd.  Tha  *  -cell  has  tha  saaa  diasatar  sa  tha  SBP  proba  and 
consists  of  a  rigid  stsal  cylindsr  with  a  *0-cell  mount ed  flush 
on  on#  aids.  Tha  k^-cell  is  striin-qawied  and  >pe  r  at  ed  on  a 
nul l - indicator  principle.  uas  preaaura  on  the  inside  of  the 
cylindsr  is  constantly  adjusted  to  ensure  no  lateral  strain  of 
tha  *Q-cell. 

One  test  was  per  formed  {Teat  N  jjt>)  using  tha  K0-cell  with 

ideal- install at  ion  in  tha  CC  The  test  was  carried  out  usinq 

Ticino  sand  at  a  On  sot.  Tha  saaple  was  stressed  under 

boundary  conditions  K  1  up  to  <  stress  o  f  ho  10  M/™*  and 

«vo  -  4.2  kg/c*2.  A  cnspir ison  between  the  applied  horizontal 
stress  (s^,)  and  the  ssasursd  stress  iPh)  recorded  with  the  *0 
cell  is  anoint  In  Figure  12. 

The  results  froa  this  special  test  indicate  that  there  is 
little  or  no  stress  concentration  around  the  sap  probe  after 
Ldeel- Installation  in  sand  in  the  CC  a  coepa r i son  between  the 
Kp-cell  results  and  the  SIP  probe  results  is  also  included  in 
Pipirs  1 1 . 


9.1.).  — fcsblcsl  Ciapl  1  snoa  mf  m train  Arse 

Tha  problab  of  sechaalcal  cospl Isaacs  of  the  strata  arse  has 
been  investigated  In  detail.  Tha  first  indicat  loots  of  thie 
phenomena  soerged  during  SPP  tests  par f orbed  at  several  Italian 
clay  sad  send  sites  usinq  the  seas  SPP  equipment  used  in  this 

study  [Qhionna  at  al .  ( ITS)) .  Jaaiolkowski  at  al  <iv«4i, 
Brussi  at  al.  (19««) ) . 

The  following  obearvat ions  assrqsd  f roe  tha  fiald  tests. 

A.  the  "lift-off"  pr assures  froa  each  strain  are  were 
alnost  always  different.  This  occur ad  even  in  soil 
deposits  for  which  it  was  difficult  to  justify,  based 
on  geologic  history,  the  presence  of  anisotropic 
horizontal  in-sltu  stresses . 
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b.  the  differences  between  the  three  seasured  "lift-off" 
pressures  tended  to  increase  with  increasing  soil 
stiffness  and  ambient  in-situ  soil  stress. 

These  observations  indicated  a  possible  problem  due  to 
aechanical  compliance  of  the  strain  arms.  These  problems  where 
further  confirmed  durinq  the  CC  testing  when  the  following 
observations  were  made; 

•  despite  the  "ideal  installation"  of  the  SBP  probe  and 
the  simple  stress  history  of  the  CC  specimens,  different 
"lift-off"  pressures  were  recorded  for  each  of  the  three 
strain  arms.  The  difference  was  more  pronounced  in  the 
stiffer  samples, 

■  during  the  sample  stressing  with  the  probe  installed, 
apparent  inward  movement  of  the  strain  arms  was  recorded 
when  the  radial  chamber  stress  was  increased  and 
apparent  outward  movement  when  the  chamber  stress  was 
decreased.  An  example  of  this  phenomenon  is  shown  in 
rigure  11. 

Tigure  14  presents  the  results  of  the  initial  portion  of 
expansion  curves  recorded  with  each  strain  arm  and  with  the 
averaged  strain  for  a  test  with  pronounced  aechanical 
compliance. 

The  mechanical  compl lance  of  the  strain  arms  tends  to  confuse 
the  initial  part  of  the  expansion  curves  and  makes  the 
detection  of  the  lift-off  pressure  uncertain. 

The  detection  of  the  lift-off  pressure  becomes  mors  difficult 
with  increasing  stiffness  of  the  surrounding  soil  because  the 
slope  of  the  initial  port  ion  of  the  expansion  curve  becomes 

very  steep. 

In  an  effort  to  eliminate  or  at  least  reduca  the  mechanical 
cMpliance  the  three  strain  anas  wars  modified. 

A  comparison  between  tho  original  end  modified  strain  arm 
dmsigmm  ia  shame  in  Figure  1%.  The  modified  arms  had  the 
fol laming  me )or  changes; 

•  the  body  of  tho  arms  ware  made  thicker  and  at  if far  end 
more  as chined  from  stainless  steel  instead  of  the 
original  brass, 

■  ths  alignment  of  the  pivots  and  arms  with  rsspsct  to 
their  seats  on  ths  probe  body  more  top roved , 

•  the  pivots  were  modified  by  using  precision  siniaturs 
bearings. 

All  ths  testa  from  S’  22%  onwards  used  a  sir  probe  with  ths 
modified  strain  arms. 

Figure  11(b)  shows  a  comparison  between  the  seesured  average 
lift-off  stress  (with  nodi f led  arms)  and  the  applied  chamber 
at rose  for  tho  remaining  CC  toots  with  ideal -installation.  Ths 
remmits  Indicate  that  ths  msdif lest ions  to  ths  strain  arms  have 
miniaismd  to  soma  extant  ths  aechanical  compl lanes  but  have  not 
completely  removed  tho  problem. 
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At  pesent,  based  on  the  CC  results  using  ideal  installation  it 
appears  that  the  strain  measuring  system  in  the  existing 
version  of  the  Cambridge  In-Situ  Ltd. ,  Camkometer  (Hark  VIII) 
requires  radical  changes  in  order  to  improve  the  precision  of 
the  measured  lift-off  pressures,  especially  in  stiffer  soils. 

5.1.4.  Evaluation  of  Arching  Effects 

The  possible  problem  of  arching  around  the  SBP  probe  has  not 
been  directly  investigated.  The  experience  gained  in  the 
evaluation  of  sample  homogeneity  of  pluvially  deposited  CC 
samples  [Baldi  et  al.,  (1985)]  indicates  that  tends  to 
increase  slightly  towards  the  center  of  the  sample.  However, 
this  experience  refers  to  samples  formed  without  the  SBP  probe 
installed  inside  the  CC. 

5.1.5.  Initial  Borisontal  Stress:  Self-Bored  Installation 

Figure  16  compares  the  measured  average  lift-off  pressures 
against  the  applied  boundary  stress  (<7ho)  for  the  CC  tests  with 
self-boring  installation.  In  almost  all  cases  the  measured 
average  lift-off  stress  is  less  than  the  applied  stress  and 
often  close  to  the  water  pressure  in  the  CC.  This  indicates 
significant  sample  disturbance  during  the  installation, 
especially  in  loose  and  medium  dense  samples. 

The  ratio  between  the  average  lift-off  stress  (pQ  (AV) )  and  the 
applied  boundary  stress  (<»ho)  for  the  self-bored  installation 
is: 


-2 -  -  0.47  i  0.28  ...  (2) 

"ho 

Table  4  presents  a  summary  of  the  individual  lift-off  pressures 
for  each  strain  arm.  Examination  of  Table  4  shows  that,  for  the 
self-bored  installation,  the  variation  between  lift-off 
pressures  from  the  individual  arms  in  extremely  large. 

Because  sands  are  generally  stiff  in  comparison  to  soft  clays, 
the  measurement  of  in-situ  stress  in  sands  is  extremely 
difficult. 

A  slight  outward  disturbance  during  self-boring  will  tend  to 
produce  an  overestimate  of  <»ho.  A  slight  inward  disturbance 
during  self-boring  can  cause  the  sand  around  the  probe  to  arch 
and  produce  a  significant  underestimate  of  aho. 

Based  on  the  CC  results,  it  appears  that  the  measurement  of  in- 
situ  stresses  in  sands  using  the  self -boring  pressuremeter  is 
extremelly  sensitive  to  disturbance. 
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5.2.  Shear  Modulus 

The  evaluation  of  deformation  characteristics  of  soils  from  the 
results  of  a  SBPT  is  usually  linked  to  the  assumption  that  the 
probe  is  expanded  in  a  linear,  isotropic,  elastic,  perfectly 
plastic  soil.  With  this  assumption  the  soil  surrounding  the 
probe  is  subjected  to  pure  shear  only.  This  holds  true 
provided  the  applied  pressuremeter  cavity  effective  stress  (p') 
stays  below  the  yield  stress  (p£)  of  the  soil  element  adjacent 
to  the  cavity  wall.  The  values  of  p£  in  a  purely  frictional 
Coulomb  material  is  given  by  the  formula  [Baguelin  et  al. 
(1978)  : 

Py  =  Po  <1  +  sin  *)  • • •  (3) 

For  the  range  of  effective  cavity  stress  p£  <  p's  p£,  the 
expansion  curve  should  have  a  constant  slope  dp/d,0  =  2  G^ 
[Baguelin  et  al.  (1972,  1978) 
where : 

G^  =  initial  shear  modulus  of  tested  soil,  see  Fig. 17 

The  above  is  true  for  SBPT's  performed  in  an  infinite  medium 
(i.e.  in-situ) .  However  Fahey  (1980)  demonstrated  that  because 
of  the  limited  dimensions  of  a  CC  the  initial  slope  of 

expansion  curves  obtained  in  the  CC  tend  to  be  sligthly  too 

small.  In  this  study,  the  effect  of  the  limited  dimensions  of 

the  ENEL  CRIS  CC  has  only  a  minor  effect,  resulting  in  a 
reduction  of  less  than  3%  on  the  measured  values  of  G. 

The  definition  of  given  above  implicity  incorporates  the 

following  simplified  assumptions: 

a.  The  length  (L)  to  diameter  (D)  ratio  of  the  probe  is 

sufficiently  large  to  ensure  deformations  of  the 

surrounding  soil  occur  in  plane  strain  conditions 
<«*  -  0). 

b.  The  expansion  proceeds  with  no  volume  change  in  the 
surrounding  soil  mass  (i.e.  linear,  isotropic  elastic 
material) . 

c.  All  soil  elements  surrounding  the  expanding  cavity  have 
the  same  stress  strain  characteristics. 

The  first  assumption  (a)  appears  reasonable  for  the  Camkometer 
probe  used  in  this  research,  where  the  The  other 

assumptions  (b)  and  (c)  are  both  strictly  linked  to  the 
hypothesis  made  about  the  stress-strain  relationship  of  soil. 
Both  assumptions  require  that  the  effective  stress  path  (ESP) 
projected  on  the  horizontal  plane  should  have  a  shape  as  shown 
schematically  in  Fig. 18.  In  reality  because  of,  the  strain  non¬ 
linearity,  elastic  anisotropy,  and  work  hardening  plasticity, 
etc.,  the  behavour  of  sands  deviates  from  that  of  the 
isotropic-elastic  perfectly  plastic  material  so  that  volume 
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changes  occur  even  during  the  early  stage  of  the  expansion.  A 
more  realistic  ESP,  as  obtained  by  Manassero  (1987),  is 
qualitatively  also  shown  in  Fig. 18.  Comparison  of  the  two 
stress  paths  shown  in  Fig. 18  clearly  indicates  that  beyond  the 
initial  elastic  stage  (point  l')  the  mean  effective  stress  (<,£) 
in  the  soil  surrounding  the  expanding  pressuremeter  probe  is 
not  constant  and  consequently  the  volumetric  strain  cannot  be 
equal  to  zero. 

Since  the  modulus  (G^)  can  only  be  determined  with  validity 
from  the  very  early  part  of  the  expansion  curve  the  value  is 
very  sensitive  to  disturbance. 

An  alternative  to  the  assessment  of  G^  from  the  initial  part  of 
the  expansion  curve  is  to  evaluate  G  from  correctly  performed 
unloading-reloading  (Gyg)  and  reloading-unloading  (Gru)  loops 
as  illustrated  in  Fig. 17.  According  to  Wroth  (1982)  the 
amplitude  of  the  unloading  should  be  performed  in  such  a  manner 
as  to  avoid  the  failure  of  the  soil  at  the  cavity  wall  in 
extension.  For  an  isotropic-elastic,  perfectly  plastic  material 
the  magnitude  of  the  effective  cavity  stress  change  (ap') 
during  an  elastic  unloading  should  therefore  not  exceed  the 
following: 


Ap'  -  i-PiH. . *PS-g  p'  ...  (4) 

1  +  sin  #ps 

where : 

»  friction  angle  under  conditions  of  plain  strain 
p£  »  effective  cavity  stress  at  which  unloading  loop  starts. 

The  slope  of  the  secant  within  the  loop,  (see  Fig. 17)  is  again 
equal  to  2  Gyg  or  2  Ggy.  Both  Gyg  and  GR0  represent  an 
"elastic”  shear  stiffness  of  the  tested  sand.  Within  the 
framework  of  elasto-plasticity  it  can  be  demonstrated  that 
during  a  drained  test  any  unloading  of  the  expanding  cavity 
wall  will  bring  the  surrounding  soil  below  the  current  yield 
surface.  Inside  this  yield  surface,  (see  Fig. 19)  the  strains 
are  small  and  to  a  large  extent  recoverable. 

In  addition  to  the  above  mentioned  moduli  (Gj ,  G^,  Ggy)  it  is 
also  possible  to  evaluate  directly  from  the  expansion  curve 
the  secant  pressuremeter  modulus  Gs,  as  shown  in  Figure  17.  The 
assessment  of  Gs  is  also  based  on  the  assumption  of  an  elastic 
soil  behaviour  which,  except  for  the  very  early  part  of  the 
expansion  curve  where  Gs  »  G^,  and  during  unloading-reloading 
cycles,  is  conceptually  not  true. 

Despite  the  lack  of  a  clear  physical  meaning,  Gs  is  frequently 
incorporated  in  the  empirical  design  rules  for  shallow  and  deep 
foundations  in  France  [Baguelin  at  al.  (1978)). 

Table  5  reports  the  values  of  Gs  computed  at  cavity  strains 
equal  to  0.5%,  1.0%  and  1.5%. 
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Values  of  for  the  different  unloading-reloading  cycles  are 
given  in  Tables  6  to  9.  Values  of  GRy  for  the  reloading¬ 
unloading  cycle  are  given  in  Table  10. 

In  all  soils,  and  especially  in  sands,  the  early  part  of  the 
self-bored  pressuremeter  curve  is  strongly  influenced  by 
disturbance  due  to  the  installation.  Therefore,  and  Gs  are 
also  strongly  influenced  by  disturbance.  On  the  other  hand,  G^ 
and  Gro  are  almost  completely  independent  from  the  initial 
shape  of  the  expansion  curve  and  hence,  independent  from 

disturbance. 

Despite  this  advantage,  there  is  still  the  problem  of  how  to 
apply  the  measured  G^  and  Gpy  values  in  engineering  design. 
This  requires  some  assessment  of  the  average  stress  and  shear 
strain  levels  relevant  to  the  measured  moduli  [Robertson 
(1982).  As  with  all  boundary  value  problems  this  is  difficult 
to  assess  and  requires  a  number  of  simplifying  assumptions. 

Concerning  the  relevant  stress  level,  existing  pratice  has  been 
to  refer  GUR  to  the  average  stress  existing  around  the 

expanding  pressuremeter  probe.  This  average  stress  may  be 
either  the  mean  octahedral  effective  stress  [Robertson  (1982)] 
or  the  mean  value  of  the  plane  strain  effective  stress  [Fahey 
and  Randolph  (1984)]. 

In  this  study  the  latter  stress  will  be  adopted. 

When  a  value  of  the  reference  stress  has  been  selected,  the 

following  tentative  procedure  can  be  used  to  relate  the 

measured  GyR  and  G^  values  to  any  level  of  effective  stress: 

•  Consider  the  value  of  G^  corresponding  to  a  given  value 
of  the  double  shear  strain  amplitude  of  the  cycle 
(47  "  70  -  7*)  and  to  the  effective  cavity  stress  from 
which  the  cycle  starts  (p£) ,  see  Fig. 19  and  Tables  6 
through  10. 

•  Compute  the  weighted  average  of  the  current  effective 
stress  (pj^y)  existing  around  the  SBP  probe  at  p£, 
adopting  an  appropriate  constitutive  equation: 

PAv  -  *  Pc  •••  (5) 

For  elastic  perfectly  plastic  material,  referring  to  the 
average  stress  on  the  horizontal  plrne  existing  in  the 
plastic  zone  (rc  s  r  s  R_) ,  the  parameter  *  can  be 
computed  from  the  following  equation,  see  also  Appendix 
III: 
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X 


1 


(1-sin  *ps) 


pc 

“1 

"Ao  <1+sin  *ps)  . 

-  1 

pc 

w2 

.°ho  (1+sin  *ps)  . 

-  1 

where : 

aho~  initial  effective  horizontal  stress.  In  a  high 
quality  SBPT  should  be  closed  to  the  measured 
effective  lift-off  pressure 


“1 


“2 


1  -  sin  ^ps 
2  sin  *ps 
2  sin  *ps 
1  +  sin  *ps 


...  (7) 

...  (8) 


r  =  radial  distance  from  center  of  cavity 
Itj  =  radius  of  plastic  zone 

r^=  radius  of  cavity  when  cavity  pressure  =  p£ 


In  practice  the  true  value  of  aho  is  generally  unknown, 
therefore,  the  assessment  of  x  is  made  by  introducing 
into  the  above  formula  the  measured  value  of  p£. 

The  values  of  x  computed  for  each  SBPT  performed  in  the 
CC  are  given  in  Tables  6  through  10  together  with  the 
corresponding  values  of  p^y. 

The  use  of  the  relationship,  p£v  =  x  p£»  is  correct 
provided  the  following  condition  is  satisfied: 

Pc  >  aho  (1  +  sin  *PS)  (9) 


If  this  condition  is  not  fulfilled  the  p£v  should  be 
assumed  equal  to  "Ao  *  po’ 


•  once  the  p fa  is  assessed  it  is  possible  to  compute  the 
modulus  number  Kq  from  the  following  empirical  formula 
proposed  by  Janbu  (1963): 


°UR  “  Pa 


where: 

Kq  •  modulus  number 
n  ■  modulus  exponent 

p.  •  reference  stress,  usually  p(  -  9* . 1  kPa 
pjv  "  average  effective  stress  around  the  probe 


(10) 


For  sand,  the  modulus  exponent  is  generally  within  the 
range  of  0.4  to  0.5,  with  a  slight  tendency  to  increase 
with  increasing  level  of  strain  [Wroth  et  al.  (1979). 
Knowing  the  value  of  Kq  it  is  possible  to  compute  the 
shear  modulus  G  for  any  desired  stress  level. 

Following  the  procedure  outlined  above,  the  measured  GyR  and 
gRU  values  for  each  cycle  have  been  referred  to  the  effective 
horizontal  stress  applied  to  the  boundary  of  the  CC 
specimen,  assuming  n=0.43  as  obtained  by  Lo  Presti  (1987).  The 
corresponding  values  of  Gyj^  and  GRUo  are  given  in  Tables  6 
through  10. 


The  same  tables  also  show  the  values  of  maximum  dynamic  shear 
modulus  (GQ)  obtained  from  resonant  column  tests  performed  by 
Lo  Presti  (1987)  on  pluvially  deposited  Ticino  sand.  The  value 
of  Gq  corresponding  to  each  SBPT  has  been  computed  using  the 
following  empirical  equation  based  on  the  experimental  data 
obtained  by  Lo  Presti  (1987)  : 


Gq  =  647.0  • 


where : 

e  =  void  ratio  of  the  sand  in  the  CC 
pa  =>  reference  stress  =  98.1  kPa 


(2.27  -  e)2 
1+e 


(*) 


...(11) 


In  order  to  make  a  meaningful  comparison  between  the  GyR0  and 
G0  values  it  is  necessary  to  consider  other  factors  influencing 
the  deformation  characteristics  of  sand.  Among  them,  the  most 
relevant  is  the  strain  level.  Each  cycle  is  characterized  by 
the  double  shear  strain  amplitude  (67)  at  the  cavity  wall 
where: 


*7  =*  7B  -  7A  =  2  (ioB  -  toA)  ...(12) 

Values  of  are  reported  in  Tables  6  through  10. 

The  maximum  shear  modulus  G0  corresponds  to  a  shear  strain 
level  less  than  10~4%,  which  is  two  orders  of  magnitude  smaller 
than  the  strains  at  which  Gy^  and  Gpy  have  been  measured.  In 
order  to  be  able  to  compare  gq  against  Gy^ ,  at  the  same  strain 
level,  it  is  necessary  to  use  a  relationship  which  can  match 
the  decay  of  G  with  increasing  7.  The  simplest  solution  is 
offered  by  the  well  known  hyperbolic  stress-strain  relation  in 
the  form  proposed  by  Hardin  and  Drnevich  (1972): 


(*)  Computed  assuming  the  specific  weight  of  the  tested  sands 
26.35  kM/m3  and  26.72  kN/m3  for  Ticino  and  Hokksund  sands, 
respectively. 
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. . . (13) 


°  1  +  ~  1 
7r 

where: 

G  =  shear  modulus 

i  =  shear  strain 

r__,,  =  maximum  shear  stress 

max  q 

7r  =  reference  strain  =  — — 

fmax 


Referring  to  the  SBP  unloading-reloading  cycle  and  relating  the 
above  given  hyperbolic  formula  directly  to  the  modulus  number 
(Kg) ,  one  gets: 


2  oln  sin 


and  therefore: 


kgq  - 


7UR-nO 


Kc0  (°ho)n°  *  *7AV 


2  a^0  Sin 


where : 

Kg  =  modulus  number  related  to  the  maximum  dynamic  shear 

modulus 

Kg^  =  modulus  number  as  computed  from  G^,  see  equation 
. . . (10) 

AtAV  *  average  strain  in  the  plastic  zone  around  the  expanding 
probe 

nQ  =  modulus  exponent  related  to  the  maximum  dynamic  shear 

modulus,  GQ 

nUR  ~  modulus  exponent  related  to  G^,  see  equation  ...(10) 

Referring  to  the  data  given  in  Tables  6  through  10  and 

assuming: 

•  At ay  55  O'45  At,  see  Robertson  (1982) 

•  nQ  =  n^g  =  0.43 

•  "Ao  »  boundary  stress  applied  to  the  CC  specimen, 

one  can  assess,  extrapolating  using  the  hyperbolic  stress 

strain  relation,  the  value  of  Kg  and  hence  compute; 


C  (GuRr  a7,  *60) 


..(16) 
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For  the  available  tests  in  this  study  this  approach  gives,  for 
the  1st  and  2nd  unloading-reloading  cycles,  the  following: 

<3 

1.3s  — —  <1.8  ... (17) 

rSBP 
Go 

where: 

Gq  =  maximum  dynamic  shear  modulus  as  measured  in  the 
resonant  column  tests 

G|BP  =  maximum  dynamic  shear  modulus  assessed  from  <%R. 

The  lack  of  coincidence  between  GQ  and  GBBP  may  be  due  to  the 
following: 

•  The  oversimplified  and  approximate  nature  of  the 

procedure  used  to  obtain  G®  from  G^. 

•  The  influence  of  the  number  of  unload-reload  cycles  on 
the  shear  stiffness  of  sands.  Values  of  G^  have  been 
measured  during  a  single  unloading-reloading  cycle. 
Therefore  the  extrapolated  GBBP  values  should  be 
referred  to  the  1st  unload-reload  cycle  while  the 
resonant  column  G0  has  been  measured  after  thousands  of 
unload-reload  cycles.  For  the  given  level  of  shear 
strain  amplitude  this  factor  can  be  expected  to  be 
responsible  for  differences  between  GD  and  GBBP  of  up  to 
about  10  to  20  percent. 

•  The  pluvial ly  deposited  sand  tends  to  exhibit  an 
anisotropic  behaviour.  Within  the  framework  of  the 
theory  of  elasticity  for  transverally  isotropic  soils, 
the  available  shear  moduli  can  be  defined  as  follows: 

Gyjj  *  Gjflj  =  shear  modulus  for  shearing  in  horizontal 
direction 

G0  =  Gyjj  *  shear  modulus  for  shearing  in  vertical 
direction 

However  this  factor  does  little  to  justify  the  observed 
differences  between  GQ  and  Gbbp.  The  results  of  large 
scale  tests  performed  by  Stokoe  and  co-workers  [Knox 
(1982,  Stokoe  and  Ni  (1985),  Lee  (1986)]  indicate  that, 
in  sand  the  velocity  of  the  horizontally  polarized  shear 
wave  (vHH)  is  1.1  to  1.15  higher  than  the  vertically 
polarized  shear  wave  velocity  (v*11 ) .  This  data  indicates 

a  Ghh/Gvh  ratio  ranging  between  1.2  and  1.3,  therefore 
suggesting  g|bp  >  G0. 
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5.3.  Shear  Strength 

Theoretical  methods  for  the  determination  of  the  peak  friction 
angle  (4)  of  sands  from  pressuremeter  test  data  have  been 
proposed  by  several  authors;  i.e.  Gibson  and  Anderson  (1961), 
Ladanyi  (1963),  Vesic  (1972),  Hughes  et  al.  (1977),  Robertson 
(1982)  and  Manassero  (1987).  Each  method  relies  on  a  model  for 
the  sand  behaviour.  Most  of  the  above  methods  consider  that 
sand  has  a  constant  friction  angle  at  failure.  However,  not  all 
methods  allow  for  the  fact  that  sand  changes  in  volume  during 
shearing. 

In  Ladanyi' s  method  the  volume  change  is  considered  to  be 
constant  at  the  point  the  failure  stress  ratio  is  reached.  This 
volume  change  is  introduced  into  the  assessment  of  the  friction 
angle  by  a  trial  and  error  method. 

V6sic's  solution  uses  the  results  of  laboratory  tests  directly 
to  determine  volume  change.  However,  the  problem  of  determining 
the  appropriate  laboratory  density  to  perform  the  tests,  is  not 
easy  to  resolve.  Also,  the  laboratory  tests  may  not  produce 
reliable  volume  change  behaviour  because  the  in-situ  structure 
and  fabric  cannot  be  reproduced  in  the  laboratory. 

The  solution  developed  by  Hughes  et  al.  (1977)  relies  on  the 
fact  that  the  volume  changes  are  occurring  during  the  expansion 
of  the  cavity  and  the  amount  of  volume  change  (dilation)  is 
closely  related  to  the  current  friction  angle  developed.  This 
approach  brings  together  the  stress  dilatancy  concept  of  Rowe 
(1962)  and  the  observed  behaviour  of  sand  in  simple  shear,  as 
for  example,  observed  by  Stroud  (1971). 

Figure  20  shows  typical  results  of  simple  shear  tests  on  sand 
conducted  by  Stroud  (1971)  and  the  ideal  soil  model  assumed  in 
the  method  by  Hughes  et  al.  (1977). 

In  the  method  proposed  by  Hughes  et  al.  (1977),  it  was  shown 
that: 

1  (r8  +  2  )  “  l^N  ’  109  (p-U°>  +  constant  ”•  (18> 

initial  radius  of  pressuremeter 
change  in  radius  of  pressuremeter 
cavity  strain,  «Q 

intercept  shown  on  Fig. 20  (c)  and  (d) 
total  pressuremeter  cavity  stress 
pore  water  pressure 

•  sin  4  -  slope  S 

(1+sin  4) 

maximum  dilation  rate 


where : 

Ro  “ 

AR 

AR/R0  - 
c  - 

p 


1-H 

n+1 

sin  w 
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In  the  above  method  the  intercept  "c"  is  assumed  zero  and  a 
plot  of  the  pressuremeter  data  in  terms  of  log  (p-uQ) 
(effective  cavity  stress)  against  log  (±R/R0)  will  tend  towards 
a  straight  line  with  a  slope  S.  This  slope  is  related  to  the 
in-situ  friction  angle  (^)  and  the  maximum  dilation  rate  (sin 

v) . 


For  very  dense  sands  the  intercept  "c"  is  essentially 
negligible  and  for  all  practical  purposes  can  be  ignored.  The 
results  of  the  laboratory  studies  conducted  by  Jewel  et  al. 
(1980)  in  very  dense  sands  (D^  =  90%)  using  the  self-boring 

pressuremeter  probe  show  that  the  above  technique  appears  to 
work  very  successfully.  In  loose  materials  the  method  is  not  so 
convenient  as  the  pressuremeter  does  not  expand  sufficiently 
for  the  sand  around  the  probe  to  reach  the  linear  portion  of 
its  volumetric  strain/shear  strain  curve. 

The  method  by  Robertson  (1982)  expands  on  the  method  by  Hughes 
et  al.  (1977)  but  incorporates  an  empirical  correction  to 
account  for  the  non-linear  nature  of  the  volume  change  -  shear 
strain  relationship  (see  Figure  20) . 

The  method  developed  by  Manassero  (1987)  is  also  a  further 
development  of  the  Hughes  et  al.  (1977)  method  but  incorporates 
the  full  non-linear  nature  of  the  stress-strain  curves.  The 
method  assumes  that  Rowes  stress  dilatancy  concept  is  valid  and 
solves  the  shear-volume  coupling  in  a  unique  manner  by  using  a 
finite  difference  numerical  solution. 

The  method  by  Manassero  (1987)  allows  the  complete  stress 
strain  and  stress  path  to  be  calculated  for  each  pressuremeter 
test.  Figures  21  and  22  show  typical  examples  of  the  calculated 
stress  strain  and  stress  paths  for  pressuremeter  tests  with 
ideal  installation.  From  the  stress  path  plots  (d)  in  Figures 
21  and  22  it  is  clear  that  the  soil  surrounding  the  probe  is 
initially  strain  hardening  up  to  the  point  of  peak  strength 
and  then  strain  softening. 

The  deviation  of  the  soil  behaviour  from  the  simple  isotropic 
elastic  behaviour  can  be  represented  by  the  angle  p  (see 
Fig. 23),  which  is  the  angle  between  the  point  of  peak  strength 
(or/0.)max  and  the  initial  mean  normal  stress,  pQ.  Values  of  p 
are  given  in  Table  11  for  each  pressuremeter  test  analysed 
using  the  method  by  Manassero  (1987).  In  order  to  avoid 
numerical  instability  in  the  calculation  of  the  stress  strain 
curves  and  stress  paths  using  the  method  by  Manassero  (1987)  a 
7th  order  polynominal  function  was  made  to  fit  the  measured 
curve. 
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Full  details  of  the  method  by  Manassero  (1987)  is  given  in 
Appendix  IV. 

The  methods  by  Hughes  et  al.  (1977),  Robertson  (1982)  and 
Manassero  (1987)  have  been  evaluated  using  the  results  from  the 
SBPT's  performed  in  the  CC,  and  results  are  presented  in  Table 
11. 


All  three  methods  require  a  knowledge  of  the  friction  angle  at 
constant  volume  (4^) .  Values  of  were  determined  for  Ticino 
and  Hokksund  sand  using  a  ring  shear  apparatus.  A  summary  of 
the  ring  shear  results  are  shown  in  Figure  24.  An  average  value 
of  4>cw  -  34  *  was  used  in  the  analyses. 

A  summary  of  the  calculated  angles  of  friction  and  dilatancy 
obtained  from  the  pressuremeter  tests  performed  in  the  CC  are 
presented  in  Table  11. 

Peak  friction  angles  have  also  been  determined  from  triaxial 
tests  on  Ticino  sand  at  various  stress  levels  and  densities. 
Triaxial  specimens  were  formed  using  the  same  pluvial 
deposition  technique  as  used  to  form  the  CC  specimens. 

The  peak  friction  angles  (4pS)  and  dilation  angles  (i/PS) 
determined  from  the  pressuremeter  are  obtained  under 
approximately  plain  strain  conditions  and  are  related  to  the 
average  effective  stress  around  the  probe  during  the  test. 
Therefore,  to  compare  the  calculated  peak  friction  angles  from 
the  pressuremeter  (*pS)  with  those  obtained  from  triaxial  tests 
(*pX)  requires  some  corrections  to  account  for  stress  level  at 
failure  (ffff)  and  boundary  conditions  (plain  strain-triaxial) . 

The  peak  friction  angles  obtained  from  the  laboratory  triaxial 
compression  tests  (^p*)  where  corrected  to  the  equivalent 
stress  level  at  failure  (<j£f)  occurring  in  each  pressuremeter 
test  and  then  corrected  to  an  equivalent  plain  strain  value 
(*£S) • 

The  stress  level  at  failure  (<r£f)  for  each  pressuremeter  test 
was  calculated  assuming  a  linear  elastic  isotropic  soil 
behaviour,  where: 

"ff  “  "ho  t1  "  sin2  *PS  ]  •••(19) 

The  values  of  *pX  were  then  determined  at  the  <j££  stress  level 
using  the  curved  strength  envelope  equation  developed  by  Baligh 
(1975),  where: 


-  tan  *JX  +  tan  a 


where 


tan  4X 


log 


...(20) 
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TY 

4  =  secant  friction  angle  from  triaxial  compression  test  at 

ff  jf32 • 72  pa 

pa  =  reference  stress  =  98.1  kPa 

a  =  angle  which  describes  the  curvature  of  the  failure 
envelope 

Values  for  4gX  and  a  for  Ticino  sand  are  given  by  Baldi  et  al. 
(1986). 

The  triaxial  friction  angle  values  were  then  converted  to 

pq 

equivalent  4p  using  the  following  equation  by  Lade  and  Lee 
(1976); 

*pS  =  *pX  •  1.5  -  17- 

The  calculated  equivalent  4pS  values  determined  from  the 
laboratory  triaxial  results  are  also  shown  in  Table  11. 

Comparisons  between  the  calculated  4pS  from  the  SBPT  results 
using  the  methods  by  Hughes  et  al.  (1977),  Robertson  (1982)  and 
Manassero  (1987)  and  the  equivalent  *pS  obtained  from  triaxial 
results  are  shown  in  Figure  25.  The  following  comments  can  be 
made  about  the  results  presented  in  Figure  25. 

1.  No  method  provides  a  reliable  estimate  of  4pS  for  sands 
from  the  SBPT. 

2.  The  method  by  Robertson  (1982)  appears  to  produce  less 
scatter. 

3.  Generally  the  scatter  in  calculated  4pS  is  slightly 
larger  for  the  test  results  where  the  probe  was  self- 
bored  into  the  CC. 

It  is  interesting  to  note  that,  although  most  of  the  self-bored 
results  gave  very  poor  values  of  <»ho  due  to  disturbance,  the 
self-bored  data  gave  reasonable  values  of  41s.  This  is 
consistent  with  observations  made  in  the  field  (Ghionna  et  al., 
1983;  Jamiolkowski  et  al.,  1985;  Bruzzi  et  al.,  1986). 

Based  on  the  CC  results,  it  appears  that  the  determination  of 
peak  friction  angle  (4p®)  in  sands  using  the  self-boring 
pressuremeter  is  not  very  reliable  and  depends  on  the  method  of 
analyses. 

Table  11  also  provides  the  values  of  the  state  parameter  (a), 
as  defined  by  Been  and  Jefferies  (1985).  The  a  combines  the 
influence  of  both  mean  effective  stress  level  and  void  ratio  on 
the  dilatancy  of  sand  and  may  correlate  to  the  parameters 
reflecting  the  behaviour  at  failure,  i.e.  a,  » ■ 


5.4. 


Limit  Prwurt 


2  S 


Table  5  presents  the  calculated  liait  pressures  ip.  :  ?  r  a 

each  SBPT  using  two  existing  aethods.  The  two  methods  »v «. 
were: 


ww 

plia  :  Metho<i  by  Windle  and  Wroth  r:*'' 

AA 

P1 1«  :  Method  by  Ai  Awkat i  . 1?  ’5) 

Exir.ples  of  the  plots  to  calculate  P ,  , ,  »r**  :  •« 

1 . 

Unfortunately,  the  concept  of  a  l.a.t  pressure  .s  » 

applicable  to  pressureseter  tests  in  sand.  especially  with  « 
maximum  cavity  strain  of  only  10%.  Because  there  is  -,o 
fundamental  concept  to  support  the  values  of  then 

application  to  design  is  related  to  empirical  correlations 
This  is  further  complicated  by  the  fact  that  different  values 
of  are  obtained  from  the  lifferent  methods  (see  Table 


5.5.  Boundary  Conditions 

The  laboratory  studies  by  Fahey  (1980)  showed  that  the 
condition  of  a  constant  horizontal  stress  boundary  at  some 
finite  distance  from  the  expandinq  pressureseter  had  the  effect 
of  producing  an  apparent  strain  softening  in  the  pressure 
expansion  curve.  This  situation  was  not  observed  in  any  of  the 
pressureseter  tests  performed  for  this  study.  The  reasons  for 
this  apparent  lack  of  boundary  effect  could  be  the  following; 

•  The  ENEL-CKIS  CC  is  1.2  a  in  diameter,  compared  to  the 
0.9  a  diameter  CC  used  by  Fahey  (1980). 

•  Fahey  studied  only  very  dense  sand  iDg  *  92%)  in  which 
the  plastic  tone  expands  rapidly  during  the  pressure- 
aeter  tmst.  For  the  tests  in  this  study  whers  0^  <  90% 
there  wes  no  strain  softening  observed. 

No  influence  of  boundary  effects  could  be  observed  for  the 
interpreted  values  of  «ho,  G  and  t. 


6.  SUMIARY  AMO  CONCLUSIONS 

4  ;«nes  t  4  ’  self-boring  pressuremeter  tests  have  been 
performed  in  the  ENEL-CRIS  calibration  chamber.  25  tests  were 
pert  riad  with  the  probe  in-place  during  sample  preparation 
i  e.  ideal  installation)  and  22  tests  were  performed  with  the 
pr  be  self -cored  into  saturated  sand-  1  test  was  not  completed 
lie  t o  a  ruptured  membrane  luring  probe  installation  (Test 
Sc  ,1)|. 

:n.-  .rp.se  .  t  the  testing  was  to  evaluate  the  performance  of 
■  he  leif-t.  ring  pressuremeter  proce  under  strictly  controlled 
at  :  atory  conditions  and  to  critically  review  existing 
.  r.terpretat  ;  on  methods  of  iBPT  in  sands. 

The  IBP  probe  used  in  the  study  was  the  Caakometer  Mark  VIII 
manufactured  by  Cambridge  In-Situ  Ltd.,  England. 

The  results  of  the  testing  can  be  summarized  as  follows: 


1 .  Assessment  of  in-situ  stress  (»ho) 

-  Ideal  instal lat ion: 

Large  scatter  exists  in  the  experimental  data  because  of 
mechanical  compliance  of  the  strain  measurement  system. 
The  precision  required  (approximately  0.005  mm)  is 
probably  beyond  the  limits  of  a  mechanical  system. 
There  is,  therefore,  a  need  for  improvement  in  the 
measurement  system  of  lift-off  pressure,  possibly  by 
adding  non-contact  precision  transducers. 

The  existing  strain  arm  design  is  sufficiently  reliable 
to  measure  radial  displacement  during  the  main  expansion 
phase. 

•  Self-bored  installation: 

The  disturbance  caused  by  the  self-boring  process 
generally  rendered  the  measured  lift-off  pressure  too 
low ,  highly  scattered  and  generally  unreal iable. 

However,  the  soil  tested  in  this  study  (i.e.  freshly 
deposited,  unaged,  unceeented,  clean  sand)  creates 
particularly  unfavourable  conditions  with  respect  to  the 
reliable  assessment  of  in-situ  stress.  More  reliable 
assessment  of  may  be  possible  in  natural  sand 
deposits. 
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2.  Assessment  of  Shear  Modulus.  G 

•  Even  for  the  sane  sand  (grain  size,  fabric,  stress 

history,  etc.)  the  shear  stiffness  is  a  complex  function 
of;  void  ratio  (e) ,  effective  stress  (p'),  shear  strain 
(7),  number  of  cycles  (Nc)  and  anisotropy  and 

plasticity. 

•  There  is  a  need  to  improve  the  link  between  the  measured 

G  and  the  stiffness  required  for  specific  design 

problems. 

•  The  initial  shear  moduli  (G^)  and  the  secant  shear 
moduli  (Gs)  are  both  sensitive  to  disturbance  and  are 
very  complex  to  locate  within  the  framework  of  elasto- 
plastic  theory. 

Therefore,  G^  and  Gg  are  almost  impossible  to  link  to 
other  laboratory  and  in-situ  tests  and  to  design 
problems. 

•  The  shear  moduli  determined  from  unload-reload  cycles 

(gUR  or  GRy)  are  "elastic"  but  non-linear  and  are  much 
less  sensitive  to  disturbance  due  to  installation.  GTO 
or  GRU  should  be  linked  to  the  relevant  design  problems 
via  appropriate  corrections  accounting  for  stress  (p') 
and  strain  (7)  level.  Soil  anisotropy  should  also  be 
considered,  since  SBPT  G^  =  Gjjjj,  while  in  many 
practical  problems  the  value  is  appropriate. 

•  Because  G^  and  GRU  reflects  the  shear  stiffness  of 
sands  inside  the  current  yield  surface  they  implicity 
refer  only  to  overconsolidated  (OC)  materials. 

•  When  relating  to  the  dynamic  shear  modulus  (GQ)  the 
influence  of  number  of  cycles  (Nc)  should  also  be 
considered. 

•  Further  theoretical  work  is  required  concerning  the 
application  of  G^  to  engineering  design  practice. 

•  At  present  G^  represents  a  rather  unique  method  to 
assess  directly  some  kind  of  shear  stiffness  for  natural 
sands  in-situ,  with  the  exception  of,  the  dynamic  shear 
moduli  from  in-situ  shear  wave  velocity  measurements. 
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3 .  Assessment  of  peak  friction  angle  4 

■  A  large  scatter  exists  between  the  calculated  jpS  from 
the  SBPT  results  and  the  equivalent  values  of 
obtained  from  triaxial  compression  tests. 

•  None  of  the  existing  methods  evaluated  (Hughes  et  al., 
1977;  Robertson,  1982;  Manassero,  1987)  provided 
consistently  reliable  values  of  the  peak  friction  angle 
under  plane  strain  conditions  (*pS). 

•  Evaluation  of  the  reference  friction  angle  from  labora¬ 
tory  triaxial  testing  is  complicated  by  the  curvature  of 
the  failure  envelope,  the  variation  in  stress  level  at 
failure  (a in  the  pressuremeter  test  and  the  strain 
conditions  (plain  strain-triaxial ) . 

•  The  calculation  of  *p  from  the  self-bored  pressuremeter 
tests  appear  to  be  less  sensitive  to  initial  disturbance 
than  the  measurement  of  in-situ  stress  (ohQ) . 

•  The  method  by  Robertson  (1982)  appears  to  produce  less 
scatter. 

•  Because  of  the  relatively  high  densities  (Dp  >  40%)  and 
low  stresses  (max  500  kPa)  the  sand  tested  had  *pS>  41*. 
Therefore,  the  high  friction  angles  creates  particularly 
unfavourable  conditions  for  the  *  methods  evaluated. 

The  objective  of  this  study  has  been  to  verify  the  performance 
of  the  SBPT  in  sand  and  to  critically  review  existing 
approaches  to  interpretation  of  the  data  for  geotechnical 
design. 

The  objectives  of  this  study  have  been  reached.  However,  the 
study  has  produced  extensive  data  concerning  the  SBPT  in  sand 
and  not  all  the  information  has  been  fully  studied  and 
discussed  in  this  report.  Further  research  can  be  performed  to 
fully  evaluate  all  the  available  data  resulting  from  this 
study. 
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NOTATIONS 

=  Boundary  condition 

=  Length  of  pressuremeter  membrane  (490  mm) 

=  Diameter  of  pressuremeter  (82  mm) 

=  Horizontal  stress;  total  and  effective 
=  Vertical  stress;  total  and  effective 
=  Relative  density  (after  consolidation) 

=  Coefficient  of  earth  pressure  at  rest 
=  Overconsolidation  ratio 
=  Vertical  strain 
=  Tangent  constrained  modulus 
=  Secant  constrained  Modulus 
=  Pressuremeter  cavity  strain 
=  Initial  radius  of  cavity 
=  Change  in  radius  of  cavity 
=  Lift-off  stress 

=  Average  lift-off  stress  (3  Arms) 

»  Effective  cavity  stress 
=  Yield  stress 

=  Effective  cavity  stress  at  start  of  unloading  cycle 

=  Friction  angle  under  plain  strain  conditions 

* 

«  Friction  angle  under  triaxial  conditions 
=  Shear  modulus 
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=  Initial  shear  modulus 

GgJ  =  Secant  shear  modulus  at  cavity  strain  of  1.5% 

gUR'  gRU  =  s^ear  ®odulus  for  unload-reload  and  reload-unload 
cycle 


GURo'GRUo  =  Shear  modulus  from  unload-reload  and  reload-unload 
cycle  normalized  to  the  stress  leve  *  “ho 

GQ  =  Maximum  dynamic  shear  modulus  obtained  from 

resonant  column  test 


u_ 


n'AA 

Plim 


„'WW 

Plim 


a^AB 


PAV 


=  Bulk  density 

=  Pore  pressure  at  center  of  CC 

=  Effective  limit  pressure  using  method  by  A1  Awkati 
(1975) 

=  Effective  limit  pressure  using  method  by  Windle  and 
Wroth  (1977) 

=  Shear  strain  increment  during  unload-reload  or 
reload-unload  cycle 

=  Calculated  average  effective  stress  around  cavity 
=  Maximum  dilation  angle 


P 

* 


=  Angle  of  straight  line  connecting  p£  and  the  point 
of  peak  strength  (o±/<rt)max 

=  State  parameter  (Been  and  Jefferies,  1985) 
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TABLE  1 

SUMMARY  OF  INSTALLATION  CONDITIONS  DOLING  CELF  3CRING 


Test  Sand 


201 

207 

208 

209 

210 
211 
212 

213 

214 

215 

216 
218 

219 

220 
221 
222 

224 

225 
228 

233 

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

245 

246 

247 

250 

251 

252 

253 

254 

255 

256 
257. 
258 1 

259 

260 
261 

I  262 
IDEAL  263 


15.01 
15.13 
15.57  67. 
15.49  64. 
14.96  47. 

14.80  42. 
16.42  92. 
14.92  46. 

15.51  65. 

15.52  65. 
14.95  47. 
14.87  44. 

14.92  46. 

15.81  74. 
15.81  74. 
15.89  77. 

15.98  79. 

15.93  76. 

14.99  48. 
15.83  75. 
15.79  74. 
15.79  74. 

15.79  74. 
16.47  94. 

16.38  91. 
14.72  40. 

14.79  42. 

14.80  42. 
14.72  40. 
14.72  43. 

14.80  43. 

14.81  43. 
14.74  41. 
15.79  75. 

15.68  71. 

15.69  71. 
15.49  65. 
15.46  65. 
16.22  87. 
16.18  86. 

16.39  92. 
16.29  89. 
16.37  91. 
16.28  88. 
16.29  89. 


HH 


2.77 
3.29 
1.00 
1.00 
1.00 

4  1.00 
6  2.86 

5  2.78 
4  1.00 
3  1.00 

3  7.57 

4  7.66 
9  5.46 
2  1.00 

6  2.88 
2  5.50 
6  5.38 

6  5.46 
0  1.00 
6  1.00 

1  5.34 

5  1.00 

2  2.72 

6  2.90 
8  2.83 
8  2.84 
1  2.84 
8  2.76 
1  1.00 

7  3.10 

8  6.12 
0  1.00 
0  1.00 
0  4.19 
0  1.00 
0  1.00 
0  1.00 
0  1.00 
0  6.16 
0  1.00 
0  1.73 
0  1.00 
0  1.00 
0  4.63 
0  1.00 
5  3.99 

7  1.00 

1  1.00 


244.27  0. 
242.31  0. 
82.40  0. 
83.39  0. 

53.96  0. 
225.63  0. 

56.90  0. 
59.84  0. 
101.04  0. 
150.09  0. 
81.42  0. 
95.16  0. 
93.20  0. 
87.31  0 
215.82  0 
224.65  0 
103.99  0 
239.36  0 
78.48  0. 
81.42  0 
83.39  0. 
86.33  0 
90.25  0. 
86.33  0. 
49.05  0. 
74.56  0. 
94.18  0. 
54.94  0. 

52.97  0. 
147.15  0. 
219.74  0. 

51.01 
52.97 
52.97 
88.29 
55.92 
277.62 
77.50 
226.61  0. 
139.30  1. 
78.48  0. 
157.94  0. 
45.10  0. 
103.00  0. 


850  6.87 

828  5.89 
856  5.89 
892  5.89 

829  5.89 
475  6.87 
785  6.87 
970  5.89 
539  6.87 
523  6.87 
776  6.87 

457  6.87 
508  6.87 
518  6.87 
517  6.87 
912  6.87 
514  6.8? 
690  6.87 
597  6.87 

458  6.87 
008  6.87 
595  6.87 
797  6.87 


192.18 

185.51 


100.06 

114.88 

189.82 

168.63 

50.82 

143.72 

156.76 

169.62 
207.48 

80.15 

167.36 
199.05 
222.39 

218.27 

120.27 
121.25 
216.21 

80.54 

190.41 

178.35 

171.28 
169.32 
195.22 

192.37 
32.67 

141.46 

172.36 
41.40 
45.32 

212.58 

93.20 

36.30 

58.27 

58.99 

194.43 
56.70 

263.69 

69.16 

125.47 

215.62 
70.53 

261.44 
73.77 

229.46 


TABLE  3 

SUMMARY  OF  PROBE  AND  CC  CONDITIONS  DURING  SELF- BORED  TESTS 


Test 

No. 

BC 

Membrane  Type 

Notes 

237 

Not  protected 

Modified  arms  +  bushings 

238 

Not  protected 

Modified  arms  +  bearings 

239 

S3 

Not  protected 

Arms  +  bushings 

240 

0 

Not  protected 

Aras  +  bushings 

241 

Protected 

Arms  +  bushings 

242 

w 

Not  protected 

Anns  trimed  and  rounded  +  bushings 

243 

a 

Not  protected 

Arms  +  bushings 

244 

B-l 

_ 

Not  protected 

Arms  +  bushings 

245 

m 

Not  protected 

Arms  +  bushings 

246 

m 

Not  protected 

Arms  +  bushings 

247 

m 

Not  protected 

Arms  +  bushings 

250 

U 

Not  protected 

Arms tbushings . 5  lift-offs.  Relaxation  time-96  hrs 

251 

Not  protected 

Arms  +  bushings 

252 

EB 

Not  protected 

Arms+bushings.  Relaxation  time-71  hrs 

253 

B-3 

Not  protected 

Arms+bushings .  At  5  bar 
total  pressure  and  4t  strain  membrane  ruptured 

254 

B 

Not  protected 

Arms+bushings .  At  5.5  bar 
total  pressure  membrane  ruptured 

255 

m 

Protec ted 

Arms  +  bushings 

256 

m 

Protected 

Arms  +  bushings 

257 

m 

Protected 

Arms  +  bushings 

258 

BO 

Protected 

Arms  +  bushings 

259 

B 

Protected 

Arms tbushings-. After  1st  loop  manual  expansion  due 
to  problems  with  SCU 

260 

B 

Protected 

Arms+bushings .After  3rd  loop  manual  expansion  due 
to  problems  with  SCU 

261 

B 

Protected 

Arms+bushings. After  1st  loop  manual  expansion  due 
to  problems  with  SCU 

TABLE  4 

SUMMARY  OF  LIFT-OFF  PRESSURES  OF  INDIVIDUAL  ARMS 


Test 

No. 

CTho 

kPa 

ARM  1 

kPa 

ARM  2 

kPa 

ARM  3 

kPa 

Average 

(po) 

kPa 

201 

74.56 

82.06 

84.07 

71.06 

76.06 

0 

s 

207 

64.75 

150.53 

69.05 

65.05 

65.05 

R 

T 

I 

208 

45.13 

28.02 

34.03 

34.03 

28.02 

I 

R 

D 

209 

51.99 

42.03 

49.04 

43.03 

45.04 

G 

A 

E 

210 

244.27 

87.08 

61.10 

136.12 

81.06 

I 

I 

A 

211 

242.31 

65.02 

65.02 

90.03 

36 . 04 

N 

N 

L 

212 

82.40 

108.95 

114.45 

104.25 

104.27 

A 

213 

83.39 

129.25 

164.26 

165.15 

120.23 

L 

I 

214 

53.96 

49.23 

61.19 

63.25 

49.21 

A 

N 

215 

225.63 

347.36 

379.52 

256.25 

254.27 

R 

S 

216 

56.90 

139.26 

97.28 

80.22 

73.23 

M 

T 

218 

59.84 

85.22 

117.29 

165.64 

80.22 

S 

A 

219 

101.04 

179.27 

173.29 

145.24 

131.28 

L 

220 

150.09 

171.32 

122.29 

190.35 

139.28 

L 

221 

81.42 

68.26 

93.26 

152.30 

68.26 

A 

A 

222 

95.16 

119.25 

163.28 

146.32 

141.28 

T 

224 

93.20 

116.70 

162.30 

136.02 

124.84 

I 

225 

87.31 

98.44 

105.54 

115.67 

96.41 

0 

228 

215.82 

200.81 

274.79 

222.09 

207.90 

N 

233 

224.65 

227.67 

237.19 

217.36 

217.36 

234 

103.99 

134.07 

124.56 

144.39 

117.42 

235 

239.36 

115.04 

109.48 

70.62 

142.80 

236 

78.48 

95.22 

90.52 

115.92 

88.12 

237 

88.29 

88.26 

148.18 

86.10 

86.05 

M 

238 

89.28 

177.50 

309.01 

50.01 

50.01 

0 

239 

92.22 

86.78 

146.42 

300.68 

67.15 

D 

241 

92.22 

80.39 

80.39 

356.82 

80.39 

I 

242 

55.92 

30.99 

30.99 

27.26 

30  33 

r 

S 

243 

81.43 

25.20 

27.56 

23.14 

25.15 

E 

244 

100.07 

37.27 

24.71 

22.07 

24.58 

L 

245 

61.81 

59.82 

46.78 

44.62 

40.95 

D 

F 

246 

59.84 

70.81 

18.53 

97.58 

19.81 

* 

247 

154.02 

26.53 

18.53 

78.65 

18.53 

S 

B 

250 

226.61 

82.06 

84.07 

71.06 

76.06 

T 

0 

251 

57.88 

13.15 

8.49 

18.33 

15.09 

R 

R 

252 

59.84 

90.79 

68.44 

114.35 

74.51 

A 

E 

253 

59.84 

12.47 

13.94 

29.12 

10.85 

I 

D 

254 

95.16 

34.94 

31.28 

36.88 

34.94 

N 

255 

62.79 

36.47 

57.51 

62.38 

36.47 

256 

284.49 

137.17 

81.83 

73.14 

71.83 

A 

257 

84.37 

62.98 

47.64 

79.05 

47.64 

R 

258 

233.48 

122.34 

122.34 

53.53 

50.67 

M 

259 

146.17 

64.34 

37.34 

32.46 

43.17 

S 

260 

85.35 

45.00 

32.65 

42.90 

27.40 

261 

164.81 

79.79 

88.16 

67.02 

63.65 

262 

45.10 

46.93 

57.12 

57.81 

54.54 

IDEAL 

263 

103.00 

134.38 

125.64 

129.64 

125.64 

IDEAL  p  (AV)  SELF- BORED  p  (AV) 

INSTALLATION:  — -  -  1.07  ±  0.29:  INSTALLATION:  — - 0.47  +  0.28 


TABLE  5 

SUMMARY  OF  LIMIT  PRESSURE  AND  SECANT  SHFAR  MODUUJS 


K 

,ww 

P1  im 

,  AA  1 
Plin> 

C  (0.5%) 
i  s 

;  ..  .  r  T 

|  G  *  .  *  G  I  A 

S  -i 

kPa 

kPa 

kPa 

|  MPa 

MP>  , 

1 

201 

76.06 

1471.50 

1177.20 

|  14  81 

11  3  i 

:  .  ■  > 

207 

65.05 

882.90 

784.80 

13.73 

10  '3  : 

.•  .  > 

208 

28.02 

529.74 

412.02 

9.71 

*  **> 

-  <» 

209 

45.04 

686.70 

637.65 

!  9.52 

T 

'  -5 

210 

81.06 

2648 . 70 

2158.20 

T0 . 02 

.*  ^ 

211 

56.04 

2844.90 

2158.20 

58  25 

3  8  ; 

212 

104.27 

1402.83 

1226.23 

15.79 

12 

:  ••  ■> 

213 

120.23 

1098.72 

1079.00 

17.16 

17  .  ' 

.  •  *  i 

214 

49.21 

804.42 

784.80 

10  40 

'  i  j  ' 

*3  *3  / 

213 

254.27 

3678.75 

2943.00 

45.42 

32  6  7 

216 

73.23 
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FIG.  2  .  SCHEMATIC  OUTLINE  OF  CC  LOADING  SYSTEM  AND  OF 
DATA  ACQUISITION  SYSTEM  FOR  SBPT  IN  SAND 
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FIG. 4  :  CHARACTERISTICS  OF  THE  TESTED  SANDS 


FIG. 5  :  SCHEMATIC  OUTLINE  OF  SAND  SPREADER 


FIG. 6:  SCHEMATIC  OUTLINE  OF  IDEAL  INSTALLATION  IN  CC 
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FIG. 7:  SCHEMATIC  OUTLINE  OF  SELF-BORING  INSTALLATION 
PROCEDURE  IN  CC 


FIG.  8:  EXAMPLE  OF  SAMPLE  CONSOLIDATION 
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FIG  K>  TYPICAL  TEST  RESULT  FROM  SBPT  IN  CC 
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FIG  11  COMPARISON  OF  MEASURED  LIFT-OFF  STRESS  AND 

APPLIED  HORIZONTAL  STRESS  FOR  IDEAL  INSTALLATION 
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MEASURED  AVERAGE  LIFT  OFF  PRESSURE 


P0(kPa) 


FIG.  16  COMPARISON  BETWEEN  MEASURED  AVERAGE  LIFT-OFF 
PRESSURES  AND  APPLIED  STRESSES  FOR  SELF-BORED 
INSTALLATION 
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0.1  -*•  LINEAR  ELASTIC  0.1'  -*•  ELASTIC 

L2  -*•  PERFECTLY  PLASTIC  lT2'-*  ELASTO  PLASTIC  STRAIN 

HARDENING 

2'  -  MAXIMUM 

_  °9 

2'.3'-*-  ELASTO  PLASTIC  STRAIN 
SOFTENING 


(*)  ACCORDING  MANASSERO  (1987) 


FIG.  18:  SCHEMATIC  OF  EFFECTIVE  STRESS  PATH 
OF  SOIL  ELEMENT  ADJACENT  TO  AN 
EXPANDING  PRESSUREMETER 


EFFECTIVE  CAVITY  STRESS 


FIG.  19:  SCHEMATIC  OF  UNLOADING- RELOADING  CYCLE 
DURING  SBPT  IN  SAND 


'  * 


1971) 


b)  SIMPLIFIED  MODEL  ASSUMED  BY  HUDGES  ETAL 
(1977) 


FIG  20  STRESS-STRAIN  AND  VOLUMETRIC  STRAIN- 

SHEAR  STRAIN  CURVES  FOR  a)  SIMPLE  SHEAR 
TEST  RESULTS  (STROUO,  1971),  b)  IDEALIZED  BY 
HUGES  ETAL (1977) 


c)  Stress  ratio  vs  stiear  stain  d)  Shear  stress  vs  mean  normal  stress 


i 


FIG.22  Stress  /strain  relationships  from  test  N  228  1DR=77.0  ) 


MANASSERO 


a) Volumetric  strain  vs  shear  strain 


(1987) 


,  [  (MPa) 

2 


b)  Shear  stress  vs  shear  strain 


c)  Stress  ratio  vs  shear  strain 


d)  Shear  stress  vs  mean  normal  stress 


FIG  23  ANGLE  ,J  DEVIATION  OF  THE  ESP  FROM  ISOTROPIC 
ELASTIC  BEHAVIOUR  (FOR  WHICH  .>*90  ) 

MAMASWnO  (tM7) 


FIG.  24:  ucv  OF  SANDS  USED  IN  CC  TEST 


T(kPa) 


T(kPa) 


♦ 


•  IDEAL  INSTALLATION 

♦  SELF  BOWED  INSTALLATION 


FIG.  25:  COMPARISON  OF  CALCULATED  <?£s  FROM  SBPT 
AND  EQUIVALENT  ip™  FROM  TRIAXIAL  TESTS 
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EXAMPLE  OF  COMPUTER  GENERATED  PLOTS 


FOR  TYPICAL  SBPT  RESULT 


TOTAL  CAVITY  STRESS,  p  (kg/cm 


ESELCRIS  OF  N I  LAW  ANO  TECHNICAL  UNIVERSITY  OF  TURIN 
CC  TEST  N  2i4  SEP 
TICINO  SAND  TS-L.  Dr-76  1%.  OCR-S 
PRESSUREMETER  TEST.  SCI 

(A’.',  fata  referred  to  the  average  atrain  of  the  three  strain  arros) 


CAVITY  STRAIN,  t  2  •=--  <*> 
R« 


TOTAL  CAVITY  STRESS,  p  (kg/cm2) 


KNKL  OR  IS  OF  MILAN  AND  TECHNICAL  UNIVERSITY 

CC  TEST  N  2  !i  SBP 

TICINO  SAND  TS-4,  Dr-'*>  I*.  O'IR-5 

PRESSURE.METER  TEST.  BC1 

l<4ta  referred  to  the  average  strain  of  the  th 

LOOP  N*  3  UR 

r 

! 

1  - - i - 

! 

IriR/Ro! 

a  loading 

j  CAR/Ro) 

•  unloading 

1  Pa  =  59 

o  reloading 

CAVITY  STRAIN,  e 


TOTAL  CAVITY  STRESS,  p  (kg/crr/ 


OF  TURIN 


ENEL-  RIS  OF  MI1AN  AND  TECHNICAL  UNIVERSITY 
CC  TEST  N  234  -  SBP 
TICINO  SAND  TS - 4 ,  Dr-76  U .  OCS-6  34 

PRESSUREMETER  TEST,  BCl 

(All  data  referred  to  the  average  strain  of  the  three  strain  arts 


0  2  «  6  8  »0 


I  _  » 

<  "  4R/Ro(%> 


TOTAL  CAVITY  STRESS,  p  (kg/cm2) 


ENEL-CRIS  OK  MILAN  AND  TECHNICAL  UNIVERSITY  OF  TURIN 
CC  TEST  N  234  ■  S5? 

TICINO  SAND  TS-4 ;  Dr-76. I».  OCR-S  3- 

PRESSUREMETER  TEST.  2C1 

(All  data  referred  to  the  average  strain  of  the  three  strain  arms) 


VOLUMETRIC  STRAIN  Jv/v  (%> 


ekil  c*:s  of  siu*  urn  tecmmical  umvtftsrnr  of  rj*:\ 

CC  TEST  N  2U  SW 

TICINO  SAHO  TS  4.  Dr-'4  1*.  OC»-5  J4 

FUSSintERETEI  TEST.  EC l 

(Ml  det*  referred  to  the  eve  ref*  etretn  of  the  three  «tre.~.  era* 
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COMPLETE  LISTING  FOR  EACH 


SBPT  RESULTS 


APPENDIX  III 


CALCULATION  OF  AVERAGE  STRESS  ON 
HORIZONTAL  PLANE  IN  PLASTIC  ZONE 


AROUND  EXPANDING  CAVITY 


X  X 


AVERAGE  STRESS  ON  HORIZONTAL  PLANE  IN  PLASTIC  ZONE 


2  1  ♦  sin  *£s  t  r  j 

where : 

a '  ~  radial  effective  stress  at  a  generic  raiiai  >iisf  i.\  e 

r .  5  RP 

a  =  circumferential  effective  stress  it  a  jcr.er.  -  nl,i; 

distance  r  s  Rp 

p^  -  effective  cavity  stress  at  which  cr.  I '  » 1 .  r.  i  -  r>* .  .  i  i .  '  j 
loop  starts 

r  =  radial  distance 

p  =  radius  of  plastic  zzr.e 

=  current  cavity  radics 


1-sin  >£s 
1+sin  »£s 


jA ±ir_ 

rA  *r 


Pav  * 


rZ^  s  •  2*r  •  dr 
r*P  . 

r i  2*r  -  dr 


Due  to  the  tentative  and  preliminary  nature  of  the  proposed 
approach,  the  more  simple  solution  ...  (2a)  integrating  s  along 
the  radius  r  is  the  only  method  considered  here. 

Introducing  the  value  of  s  from  equation  ...  (1)  into  equation 
. . .  (2a)  one  obtains: 


pAV  *  ~ 


sin 


P*v  “  I"-  sin 


-Ka  R;Rp(r)K*-1  dr 


Rp  -  R 


(?r 


...  (3) 


Also; 


*e 

R 


Pc_ 

“ho 


1  *  sin  »£s 


1 

1-K  = 


...  (4) 


:  io 


Introducing  the  ratio  -E  from  equation  ...  (4)  into  equation 

R 

...  ( 3 )  one  obtains : 


PAV  Pc 

'“ho  'ho  (1-Sln  »PS> 


where : 


Ka  1  -  sin  #i,s 
1-Ka  2  sin  tps 

1  2  sin  i pg 


1-Ka  1  ♦  sin  «£s 


Pc 


’ho  <1+sln  -PS1 


-  1 


PA 


'ho  <1+sin  *ps) 


PS' 


From  equation  ...  (5)  the  following  two  formulae  allows  the 
evaluation  of  pj^v  in  the  plastic  zone  around  the  expanding 
cavity 


or: 


where : 


PAV  =  ‘ho  +  «  (Pc  "  ‘“ho) 

PaV  “  *  Pc 


(1-sin  *£s) 


PA 


Jho  <1+sin  *ps> 


PS' 


-  l 


Pc 


°ho  <1+sin  *ps> 


PS' 


“2 


-  1 


...  (6a) 
...  (6b) 

...  (7) 


pA 


0 ho  (1_sin  *ps> 


pa 


*ho  <1+sin  *£s) 


-  l 


Pc 


°Ao  < l+sin  *f,s) 


-  1 


EL  -  i 

°ho 


...  (8) 
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► 


Equations  (6a)  and  (6b)  are  valid  only  if  a  plastic  zone  exists 
which  means: 


Pc  31  *Ao  <x  +  ain  •••  <9) 

Otherwise  one  has  to  assume  p£v  «  aiio  a  Po 


I 


I 
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DETAILS  ON  MANASSERO  <1987)  METHOD 
FOR  DETERMINATION  OF  f  FROM  SBPT  IN  SAND 
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STRESS- STRAIN  RELAT 1 1 NSH IPS 
FROM  DRA I  NET  SELF  3CRING  pf.ESSUREME  TER  TEST'S  IN  SATE 


fay 

MARIO  MANAS SEE _ 

E IrAR TIMENTC  SI  IN  SEENERIA  STRUT IS  RATE  EEL  PuLII.:  NIUE  SI  TORI 

ATT'.'1  N  "  t  e  ~  5  E  ‘  » 


ABSTRACT 

A  nunenca  1  .-.etr.ci  is  presented  m  order  to  attain  t:.e  ecr.plo- 
te  stresses  and  strains  path  during  a  self  boring  pressureme- 
ter  test  (SBPT)  in  sand. 

Plane  strain  conditions  and  a  material  behaviour  according  to 
Rowe's  /23/24/  dilatancy  theory  are  assumed. 

The  obtained  results  have  been  checked  using  a  large  nu:.i>er  of 
SBPT  in  sand  performed  in  a  calibration  chamber  (CC) . 


RIASSUNTO 

Viene  illustrato  un  procedimento  di  calcolo  nuneriuo  che  per- 
roette  di  otter.ere  gli  andamenti  co.-pleti  delle  componenti  di 
tensione  e  def ermazione  durante  una  prova  di  espansione  esegui 
ta  con  11  pressior.etro  autoper forante  (SBPT)  in  sabbia. 

Si  ipotizzano  condizioni  di  deformazione  piane  ed  un  comporta- 
mento  del  materiale  in  accordo  con  la  teona  della  dilatanza 
di  Rowe  /23/24Z. 

1  risultati  ottenuti  sono  stati  controllati  usando  numerosi 
SBPT  in  sabbia,  eseguiti  in  camera  di  calibrazior.e  (CC)  . 


IV. 2 

1  .  INTRODUCTION 

The  first  closed  form  solution  of  an  expanding  cavity 
proble-  has  been  obtained  considering  a  linear  elastic 
material  and  small  deformations  (L are 

By  using  this  solution  it  is  possible  to  find  the  ela- 
tic  shear  modulus  G  both  from  the  first  part  cf  the 
SBPT  and  from  an  unload-rel :  a d  cycle. 

Solutions  fora  linear  elastic-perfect ly  ~iast:c  mate¬ 
rial  have  been  presented  later  by  Bishop  et  al.  6, 
for  a  pure  cohesive  soil,  and  by  Hill  ,  Menard  , '? 

'20/,  Cassan  / 8 / ,  Salenccn  / 2 5 /  and  Vesoc  26/  for  a 
frictional  and  cohesive  soil. 

On  the  basis  of  the  above  mentioned  solutions,  Gibson 
et  al.  /  10/  ,  Ladanyi  /I  3/ 1 4 , 1 5/ 1 6 / ,  Palmer  / 2 1 / , Baguel  m 
et  al  .  '.Wroth  et  al.  ,27',  Hughes  et  a'..  1 2  /ar.d  Roberts 
/ 2 2 /  have  presented  procedures  for  the  interpretation 
of  pressuremetcr  tests,  allowing  the  derivation  of  the 
stress-strain  relationships  of  a  soil  element  at  the 
inner  boundary  of  the  expanding  cavity. 

The  interpretation  method  for  a  pure  frictional  mate¬ 
rial  presented  in  this  paper  is  closely  related  to 
Wroth^et  al.  / 2 7 /  and  Hughes's  et  al.  12/  analyses 
and  it  is  based  on  Rowe's  i2i/2 4  dilatunry  theory. 

2.  BASIC  ASSUMPTION 


The  basic  assumptions,  used  in  the  here  presented  ap¬ 
proach,  are  briefly  summarized  in  the  following  points 
a)  The  particulate  material  surrounding  the  infinitely 
long  expanding  cavity  deforms  in  plane  strain  condi 
tier.*,  i.e.  the  vertical  strain  *  0  . 
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b)  The  principal  stresses  are  coincident  with 

radial,  vertical,  hoop  stresses  around  the  cavity, 

'c2'°g 'the  same  applies  to  the  strains  ei'€2,C3 
and  £r'Ez'cg  •  In  t^e  following  either  subscript 
notations  can  be  used. 

c)  Stresses  and  strains  are  positive  -r.  r  repress icn . 

d)  All  stresses  and  strength  parameters  are  in  terms 
cf  effective  stress. 

e)  The  strains  are  considered  t:  -e  o.m.pletely 

plastic.  Elastic  strains  are  r.ot  or's.u^reu. 

f)  Cnly  frictional  forces  act  at  the  or  r.taot  points  rf 
particles  (sand  grains). 

g)  Strains  due  to  particle  crushing  cr  plastic  yield  at 

contact  points  are  supposed  r.ot  affecting  the 

soil  behaviour  in  the  case  of  the  contemplated  sar.d. 

h)  The  hypothesis  of  small  strains  is  adepted. 


CONSTITUTIVE  RELATIONSHIP 


According  to  Rowe's  ,'23/24/  theory,  the  behaviour  of  a 
particulate  medium  ray  be  described  by  the  following 
equation : 


z  dc 

11 


-  -  . 

*°2dE2*°3dt3*  P 


(1) 


where: 

1  *sin* 

cv  cv 

K  =  - - - -  :  constant  volume  rr.r.oical  stress  ra- 

p  1-sin*  _ 

r  cv  tio  ccefficient: 

♦  *  constant  volume  friction  angle 

cv  ’ 

Taking  into  account  for  plain  strain  conditions 


(dc^*  0)  the  eq.  (1)  reduces  to: 


:v.4 


ci 


—  *  -  K 


cv 


dc , 
dc . 


(2) 


Shear  (y)  and  volumetric  (t  )  strains  are  defined  zm. 

v 

the  following: 


v 


(3) 

(4) 


Vs  m i  this  last  set  cf  equations  the  stress  ratic 
(r^.'s  I  can  be  expressed  also  as  follows 


dc 


The  introduced  relationships  of  the  adopted  const rtuti 
ve  model  are  qualitatively  shown  in  Fig.  1. 


4.  CAVITY  EXPANSION  RELATIONSHIPS 


The  equations  of  equilibrium  and  compatibility  of 
strains  all  around  the  cavity  are:  (see  also  Fig.H 


dr 

r 

dr 


<6> 


dc_ 

dr 


(7) 


where : 

°r’°3:  PrinciPai  stresses  (max  and  min)  around  the  ca¬ 
vity  (corresponding  to  and  c^l 
Cr,C3:  PrinciPaJ-  strains  around  the  cav'ity  (correspon¬ 
ding  to  c1  and  c^) 
r  :  radial  distance. 
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This  last  set  of  equations  with  eq.  (2)  described  in 
chapter  2  allows  to  obtain  the  solution  of  the  expan¬ 
ding  cylindrical  cavity  problem  (See  5th  Sect.). 


PROPOSED  METHOD 

Expressing  the  equations  (6)  and  (')  as  function  of  -f- 

dr 

and  referring  then  to  a  generic  radius  r  around  the 
expanding  cavity,  one  can  write: 


dc  dc, 

r  Z 

Introducing  into  eq.  (8): 


o  dt 

a  -L.  __I 

3  Kcv  dc; 

P 

given  by  eq.  (2)  and  rearranging  it,cr.e  gets 


.  .  „cv  ^ 

being  :  K  *  - 

a  Kcv 

P 

This  equation  of  general  validity  can  be  solved  for  a 
soil  element  at  the  cavity  wall  where  the  -  =  p  and 

*  t  are  measured.  To  do  this  analitically,  a  rela¬ 
tionship  *  f  (c.  )  is  required  (see  Hughes  et  al. 
/12/),  nevertheless  knowing  p  «  F  (c)  one  can  solve 
eq.  (9)  using  numerical  techniques,  like  finite  diffe¬ 


rence  . 
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6.  NUMERICAL  ANALYSIS 

With  the  aim  to  assess  the  at  the  cavity  wail 
through  a  numerical  procedure,  the  following  equations 
at  the  points  (i)  and  ( i- 1 )  can  be  setup  (see  also 
Fig.  3) . 

dp  __  p(i)  -  p  (i-1 )  , . 

dc  e ( i)  -  e  (i-1 ) 


d£  c  ( i )  -  c  (i-1) 


Introducing  eqs.  (10)  and  (11)  into  eq.  (31 ,  using  ave 
rage  criteria  between  forward  and  backwards  interpola¬ 
tions  tecniques  and  making  appropriate  arrangements 
it  is  obtained: 


c  (i) 
r 


p(i) [e (i-1 ) +K^  e ^ ( i — 1 ) j  -  p(i-1)e(il 
2  [p(i)  ( 1 +KCV)  -  p  (i-1)] 


p(i)  rE(i-l)-e  (i-1)'  *  p  (  i- 1 )  Lc  (i-1)(1*K  )-c(i)J 

r  -  r  a 


2  KCV  p  (i-1) 
a 


(12) 


Moreover  knowing  that  (0) =0, equat ion ( 1 1 i al lows  to  com 

pute  step  by  step  the  unknown  values  c ^ ( i )  from  i  =  1 
to  i  =  n, 

Once  t  r  ( i )  ,  t(i),p(i)  and  (0)  =  p(0)  are  known,  one 
can  compute  from  eqs.  (3)  and  (4)  the  deformation  com¬ 
ponents  lii),  e^d)  and  solving  equation  (2)  or  (5), 
once  more  with  finite  difference  technique, the  comple¬ 
te  stress-strain  curve  and  stress-path  for  the  soil 
element  at  the  cavity  wall  can  be  assessed. 
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FlG.2  :  Stresses  and  strains  around  the  expanding  cavity 


Compatibility  equations 


jr  (radial  strain)  »-d£/dr 

Sq  ( hoop  strain )  « -  £/r 


At  the  cavity  wall 


£  ("cavity  strain ")»- £r/R0 


Equilibrium  equation 
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FIG.  3 :  Use  of  pressuremeter  curve  for  numerical  analysis 
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FIG.  4 :  Characteristics  of  the  tested  sand 
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FIG.  5  Stress  /  strain  relationships  using  the  experimental 
readings  from  test  N:228  (Dr=77.0%) 


a) Volume tnc  strain  vs  shear  strain 
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D) Shear  stress  vs  shear  strain 
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C)  Stress  rate  vs  shear  Strain  cfl  Shear  stress  vs  mean  normal  stess 
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BG.6:  Curve  fitting  results  with  7th  polynomial  degree  in 
original  p  vs  £  plot 
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FIG. 8  :  Stress  /  strain  relationships  from  test  No 222  (Dr  -■46.2/) 


alVolumetric  strain  vs  shear  strain 


d)  Shear  stress  vs  mean  normal  stress 


c)  Stress  rato  vs  shear  strain 


FIG.9  Stress  /strain  relationships  from  test  No 228  (DR=77.0/J 


a) Volumetric  strain  vs  shear  strain 


c)  Stress  ratio  vs  shear  strain 


d)  Shear  stress  vs  mean  normal  stress 
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